1. Introduction {#sec0005}
===============

Biomedical polyurethanes, due to a combination of excellent physical properties and good biocompatibility, have been deeply investigated and used in medical fields for its non-toxic and biodegradable properties ([@bib0025]; [@bib0070]; [@bib0050]; [@bib0125]). Scientists have dedicated themselves to this field for at least 50 years ([@bib0010]), which has led to a large number of understandings of their excellent properties, and all of these phenomena were related to the synthetic process and structure of the polyurethanes ([@bib0060]; [@bib0105]; [@bib0115]). The unique physical and chemical properties are directly related to their microphase-separated morphology between the soft and hard segment, and also the nature of chain extender indeed influence the properties ([@bib0100]). In order to meet specific property requirements, a variety of polyurethanes were synthesized and countless researches were focused on changing the structures of polyurethanes by introducing different types of diisocyanates or adjusting the proportions of hard segment and soft segment for meeting applications including vascular scaffolds ([@bib0140]; [@bib0030]), artificial heart valves, adhesives and coating and pacemaker leads ([@bib0165]; [@bib0015]; [@bib0110]; [@bib0135]).

Poly(1,6-hexanediol) carbonate diols (PCDL) are biostable elastic materials which have been widely used to synthesize polycarbonate urethanes for biomedical applications, such as the evaluation *in vivo* of biodegradative stress cracking in polyurethanes elastomer and exposure to hydrolytic, oxidative, peroxidative and biological solutions. ([@bib0075]; [@bib0090]; [@bib0145]). However, few attentions have been paid to the investigation of the relationship between chemical structures and polyurethane performance, particularly the thermal property, surface behavior and blood compatibility. The objective of the present study in this work was to synthesize and investigate biomedical polyurethanes with the same content of hard segment in weight. The materials were synthesized by a two-step solution polymerization method by using the PCDL (M~n~ = 2000 Da) as the soft segment, H~12~MDI, HDI and BDO as the hard segment. The physicochemical properties were investigated by GPC, FTIR, DSC and tensile tests in this study and the maximum tensile elongation was about 850%. A comparative analysis was made between the synthesized materials and available commercial medical polyurethane materials, Pellethane 2363-80A, indicating the poly(carbonate-urethane) elastomers can achieve the same level or even better in mechanical properties. And at the same time, the results of hemolysis and platelet adhesive tests indicated the materials were in accordance with the standard for biomaterials ([@bib0095]; [@bib0155]). The results of the investigation may lay a preliminary basis for future researches and applications in biomedical field.

2. Materials and methods {#sec0010}
========================

2.1. Preparation of reagents {#sec0015}
----------------------------

The poly(1,6-hexanediol)carbonate diols (Mn = 2000 Da) was supplied by Hersbit Chemical Co., Ltd (Shanghai, China) and stored at room temperature in vacuum. And it was dried at 115 °C under nearly vacuum atmosphere for 24 h before use. The dibutyltin dilaurate (DBTDL), N,N-dimethyl formamide (DMF), N,N-dimethyl acetamide (DMAc), tetrahydrofuran(THF), diethyl ether and 1,4-butanediol (BDO) with chemically pure were all attained from Sinopharm Chemical Reagent Co., Ltd (Beijing, China) without further purification. The diisocyanates, 1,6-hexamethylene diisocyanate (90 wt% purity) and 4,4′-methylenebis(cyclohexyl isocyanate) (99 wt% purity) was purchased from Tokyo Chemical Industry (Tokyo, Japan) and stored at almost 0 °C in the refrigerator to keep it away from water molecule. And H~12~MDI was properly purified by reducing pressure distillation at 210--220 °C before use. The adult rabbit blood were obtained from Biomedical Materials and Engineering Research Center of Hubei Province, China.

2.2. Characterization methods {#sec0020}
-----------------------------

### 2.2.1. Fourier transform infrared spectroscopy (FT-IR) {#sec0025}

The FT-IR spectra were obtained using a VERTEX80v Fourier transform infrared spectroscopy (Bruker, Germany), spectrum range 400--4000 cm^−1^ with a resolution of 4 cm^−1^. The data were processed by Origin-Pro 8.5.

### 2.2.2. Differential scanning calorimeter measurements (DSC) {#sec0030}

Thermal behaviors were analyzed with a DSC (Perkin-Elmer, America). Liquid N~2~ was used to cool the DSC cell to reach sub-ambient temperature. All the samples were placed in aluminum plate with weighing range from 9 to 13 mg heated from −150 °C to 200 °C. The experiments were carried out under nitrogen atmosphere flow with a heating rate of 10 °C/min. In order to eliminate the thermal history, only the second heating run was used for further investigation to obtain the glass transition temperature after 2 min station behind the first heating.

### 2.2.3. Molecular weight determination {#sec0035}

Gel permeation chromatography (GPC) measurements were carried out on Alliance high performance liquid chromatography analyzer (Waters, America) taking tetrahydrofuran solution as eluent at a flow rate of about 1.00 ml/min at 30 °C after calibration with monodisperse polystyrene distribution curve as a general calibration parameter to get inquired data based on ASTM D6579-6.

### 2.2.4. Mechanical testing {#sec0040}

Mechanical properties of the films were performed at room temperature by M-30A computer control hydraulic universal testing machine (Shenzhen, China) with a cross-head speed of 50 mm min^−1^. At least 3 specimens for each type of films were tested to obtain the average.

### 2.2.5. Contact angles measurement (CA) {#sec0045}

The OCA-35 goniometer (Dataphysics, Germany) was used to measure water contact angles of the samples. For each sample, 4 measurements were taken on the air-exposed side to obtain the average value.

### 2.2.6. Scanning electron microscopy (SEM) {#sec0050}

SEM were used to investigate the platelet adhesion on different films recorded on a Hitachi S-4800 SEM (Hitachi, Japan).

2.3. Synthesis and preparation of polyurethane films {#sec0055}
----------------------------------------------------

The following parameters were guaranteed to be the same during the preparation of the polymer, which were the hard segment of 30 wt% as well as the isocyanate index of 1.05. The polyurethane elastomers were prepared using a two-step solution polymerization method. The reactants were mixed according to the molar ratio of (HDI or H~12~MDI)/PCDL (1.3, 1.4, 1.5):1 in the first step and then the rest of the chemicals were added based on the isocyanate index of 1.05. Here, we called the molar ratio of (HDI or H~12~MDI)/PCDL in the first step as R-value. The weight ratio of the hard segment was chosen according to our former work, which showed the better mechanical properties. The procedures of the reaction was divided into two parts: firstly, HDI or H~12~MDI with PCDL based on different R-value were added in a round-flask in proportion at 40 °C or 70 °C, and then, the BDO and remaining HDI or H~12~MDI according to the requirement were added to the prepared solution under stirring for 12 h at 40--45 °C or 80--85 °C. In the process of the whole reaction, reaction vessels were protected by nitrogen to prevent water molecule from entering. The simplified reaction procedure was illustrated in [Fig. 1](#fig0005){ref-type="fig"}.

The polyurethane films can be easily synthesized via a two-step reaction using PCDL and diisocyanate coupled with a chain extender BDO. In order to keep the experiment work properly, we should make sure all the materials for experiment were fully dry and carried out under nitrogen protection. And all the reagents added to the reacting round-bottomed flask were dissolved in DMAc (for HDI) or DMF (for H~12~MDI) with the mass percentage points 30%. After that, the mixture was cast into a beaker for precipitation, with ether-water solution in it, And then the polymer was washed 3 times by ultrapure water and placed in Soxhlet extrator using deionized water as extracing agent for removing small molecules for at least 24 h. And then, after being dissolved in THF (7.5 wt%) with stirring at 800 r/min for 2 h, the polyurethane solution was placed in a vacuum oven at 45 °C. Finally, in order to keep the surface of the polyurethane flat, the prepared polymer solution was put in homemade molds carefully for drying at room temperature. The tests on mechanical properties could be carried out after drying in the vacuum oven at 40 °C for at least 5 days.

2.4. *In vitro* blood compatibility evaluation {#sec0060}
----------------------------------------------

### 2.4.1. Hemolytic test {#sec0065}

The fresh blood sample was prepared by mixing 1 ml rabbit blood with 0.1 mg heparin sodium and was diluted with 1.25 ml 0.9% NaCl solution. In the first step, the film pieces were placed in 10 ml 0.9% NaCl solution for 24 h after rinsing for three times by it. And before 0.2 ml blood sample was added, the mixture was placed aside in a thermostatic water bath for 30 min at 37 °C. After incubation for 60 min, diluted fresh blood was subjected to centrifugation at 2500 r/min for 5 min. The upper clear solution of the blood mixture was characterized at an absorption frequency of 542 nm by a spectrophotometer. The sample for positive control was prepared by mixing 10 ml distilled water with 0.2 ml whole blood sample and the sample for negative control was just a mixture of 0.2 ml whole blood sample with 10 ml 0.9% NaCl solution. Six parallel experiments were performed for each film sample.

### 2.4.2. Platelet adhesion {#sec0070}

The degree of blood platelet adhesion and spreading investigations on the various membranes were conducted according to the observations by SEM. The polyurethane films with a real thickness of about 5 μm were prepared in exactly the same way as described previously. The samples were washed at least three times by ultrapure water with the size of membranes were about 4 mm × 4 mm and then equilibrated with phosphate buffer saline (PBS, PH = 7.4) for 2 h at 37 °C. After that, the films were soaked in freshly prepared platelet-rich plasma (PRP) for 1 h at 37 °C and then non-adherent platelets were removed by washing three times with fresh PBS through mild shaking and fixed with 3.8% (w/v) sodium citrate solution. The surface of the membranes were dehydrated in an ethanol-graded series for 30 min each and placed in a dry vessel at ordinary temperature. Adhesion and deformation of platelets on surfaces were examined with a Japan Hitachi S-4800 SEM after gold-sputtering treatment.

3. Results and discussion {#sec0075}
=========================

3.1. FT-IR analysis {#sec0080}
-------------------

[Fig. 2](#fig0010){ref-type="fig"} shows the FT-IR spectra of PCDL and prepared polyurethane films with different R-value. After testing several samples, it could be clearly seen that the characteristic vibrational absorption bands of polyurethane films were almost in the same position. The absorption peaks of the spectra were at 3320--3360 cm^−1^ (N-H stretching, combined with hydrogen bond) for urethane groups, at 2860--2870 cm^−1^ and 2930--2939 cm^−1^ (CH~2~- stretching and CH~2~- asymmetrical stretching, respectively) from polycarbonate diol component, at 1710--1738 cm^−1^ (NHCCO stretching, urethane groups combined with carbonyl groups of HDI or H~12~MDI), 1523--1537 cm^−1^ (C-N stretching, combined with N-H in-plane bending). For the location of 1731 cm^−1^, both of the absorption peak were much broader than PCDL's and split into 1738 cm^−1^ and 1680 cm^−1^. The characteristic absorption peaks of 906 cm^−1^ and 1039 cm^−1^ were standard double loop structure supported by H~12~MDI. And also, 791 cm^−1^ and 790 cm^−1^ (O═C-O asymmetric bending), 1242 cm^−1^ (C-O-C asymmetrical stretching) were supported by polycarbonate diol component proving the successfully synthesis of the structure of carbonate urethane.

Normally, hydrogen bonding also exists in the internal of the polyurethanes, involving the carbonyl groups as the acceptor, and the amide group as the donor. Based on the comparison of the structure of HDI and H~12~MDI, the HDI has more different molecular conformations resulting in a more flexible of the molecular chain in the hard segment (lower position 1680 cm^−1^ in the FT-IR). The reduced degree of polarity of carbonyl group can form much more tight structure leading to stronger hydrogen bonding interaction, which also make harder access of the soft segment. The peak of NHCCO stretching combined with carbonyl groups has been lowered by the reinforcement of hydrogen bonding interactions resulting in the better arrangement of hard segment in order. Therefore, the larger degree of microphase separation was resulted from the inhibition of combination of the hard segment and soft segment by hydrogen bonds environment. From what we have discussed above, we can easily come to the conclusion that the polycarbonate polyurethane films have been successfully synthesized according to the procedures depicted in [Fig. 1](#fig0005){ref-type="fig"}.

3.2. Molecular weight determination {#sec0085}
-----------------------------------

[Table 1](#tbl0005){ref-type="table"} shows the molecular mass of polyurethane samples with R-value, showing the weight average molecular and number average molecular increased with R-value rose. The number-average molecular weight (Mn) are in the range of 0.56 × 10^4^-0.92 × 10^4^ and the molecular weight distributions are between 1.23 and 1.39 for HDI-PUs. The number-average molecular weight (Mn) are in the range of 0.75 × 10^4^-1.93 × 10^4^ and the molecular weight distributions are between 1.51 and 1.44 for H~12~MDI-PUs. Maybe, the designation of the reaction routes can increase the degree of the reaction making almost all of −OH and −NCO groups fully reacted, therefore, reducing the three-dimensional steric effect on the macromolecular main chain of polyurethanes. In general, a relatively large molecule weight will be more beneficial to physical performance. The molecular weight has certain relations with mechanical properties making a great difference for applications in the field of biomedical materials ([@bib0160]; [@bib0035]).

3.3. Contact angles of polyurethanes {#sec0090}
------------------------------------

As we have known, the surface properties, especially roughness of the membranes will eventually affect the blood-membrane interaction. Generally speaking, it is claimed that the water contact weight can be attributed to many impacts, such as the forming of urea by the water molecule in the raw material with HDI or H~12~MDI and macrodiol. As directly impacted by chemical bonds, the molecular angles are smaller on smooth surfaces than on rough surfaces resulting from the wetting hysteresis reduced by the surface smoothness ([@bib0045]). The larger the surface roughness is, the smaller possibility the blood clots to form. In order to get better blood-compatible materials, it is necessary to observe and investigate the surface wettability of the films. The contact angles of water were measured at normal temperatures and pressures on the surface of the films, and work of adhesion values were calculated on the basis of the following equation:$$W_{a} = \gamma_{LV}(1 + \cos\theta)$$

where $W_{a}$, $\gamma_{LV}$ and θ represented the work of adhesion, surface tension of water (72.81 mN/m) and contact angle of water, respectively ([@bib0150]).

The obtained results were shown in [Fig. 3](#fig0015){ref-type="fig"}, revealing the wettability depends on the diisocyanate nature and R-value. And [Fig. 3](#fig0015){ref-type="fig"} showed the contact angles of polyurethane films with different R-value, HDI 1.3-PU\<HDI 1.4-PU\<HDI 1.5-PU and H~12~MDI 1.3-PU\<H~12~MDI 1.4-PU\<H~12~MDI 1.5-PU. We could get the results H~12~MDI-PUs were better in hydrophobic property. In general, the value of angles increased as the molecular weight increased, indicating the surface hydrophobic property's rising. The increase of contact angle and the decrease of work of adhesion could be responsible for the weaker capability of the PU surface to generate more hydrogen bonds with water molecules. Furthermore, for the smaller molecular weight of the polyurethanes, the existence of more smaller side chains might be another significant factor which would given rise to more hydrophilic in controlling contact angles.

3.4. Differential scanning calorimetry {#sec0095}
--------------------------------------

To obtain further insight into the microphase separation of polyurethanes based on H~12~MDI or HDI/PCDL, DSC analysis was employed to study their glass transition temperatures ([@bib0040]). The relationship between R-value and degree of microphase separation could be deduced from a comparison with the T~g~ of PCDL at −70--66.4 °C. [Fig. 4](#fig0020){ref-type="fig"} displays the DSC thermograms of them and only the second heating run was used for further investigation so that the thermal history of the representative samples could be eliminated.

A much wider glass transition region can be seen for these polyurethanes based on H~12~MDI and HDI/PCDL, displaying approximately 16 °C and −42 °C, respectively. And the H~12~MDI/PCDL moved progressively to higher temperatures, indicating the better compatibility between the soft segment and the hard segment. With the increase of R-value, the temperature of T~g~ slightly increased resulting from the improvement of the microphase separation by increasing R-value. Hence, the results demonstrated the microphase separation structures existed, and this was in accordance with the mechanical properties since the membrane with higher R-value possessed better physical behavior. In addition, some detectable corresponding peak for melting endotherms can be observed in the range of 90 °C--110 °C for HDI/PCDL and 80 °C--100 °C for H~12~MDI/PCDL. These phenomena should be probably attributed to the higher crosslinking and lower mobility of polymer chains at higher temperature, indicating the R-value has a certain effect on the contribution to the glass transition properties of polyurethanes under investigation ([@bib0085]; [@bib0020]). Some small melting endotherms are observed in the range of 40--50 °C and the glass transition temperature are to be approximately 25 °C. The results demonstrated the being of HDI-BDO sequence into the soft phase was existed. In my personal perspective, the increase of R-value could be favourable to the transformation of dispersed phase to continuous phase which enhanced the aggregation effects the level of order of the hard segment.

3.5. Mechanical testing {#sec0100}
-----------------------

Whether a kind of biomedical material can be put into application depends largely on its mechanical properties ([@bib0120]). The material will crack when the local strength is more than the limited strength resulting from the rupture of local molecular chains. As we know, that is a fact that elongation is inversely proportional to brittleness. Many factors could play a crucial part in deciding the mechanical properties of the prepared polyurethanes, such as the crosslink density and the proportion of the hard segment ([@bib0005]; [@bib0080]).

[Fig. 5](#fig0025){ref-type="fig"} depicted the stress-strain curves for films and the corresponding tensile characteristic parameters for elastomers were collected in [Table 2](#tbl0010){ref-type="table"}. Clearly presented in [Fig. 5](#fig0025){ref-type="fig"}, the series of polyurethane films could reach the same level or even better in mechanical properties than Pellethane 2363--80A did, especially for H~12~MDI 1.5-PU. It displayed tensile strength of less than 10 MPa and showed the best properties in elongation at break. With the increase of the R-value, the elongation at break of synthetic products had regular changes in [Table 2](#tbl0010){ref-type="table"} and it should be gradually reduced in theory ([@bib0065]; [@bib0130]). With the degree of microphase separation increased, it may lead to more crystallization appearing at the same time. Even after the microphase separation, the possibility of soft segment crystalline has improved and there is no three-dimensional steric effect on the macromolecular main chain so as to make the material much more harder and brittle, and also resulting in the decrease of elongation at break.

3.6. Hemolytic tests {#sec0105}
--------------------

Hemolysis of the blood is an extremely significant problem associated with biocompatibility of materials faced by biomedical investigators. Red blood cells may rupture and then release the blood platelet and hemoglobin when contacting with blood incompatible implant materials, causing blood clots ([@bib0175]; [@bib0170]). It is of vital importance to study the hematolysis ratio of the membranes. The hematolysis ratio of material indicates the extent of red blood cell broken when contacting with blood. That is to say, the HR value of the material represents the blood compatibility of the material on some level. Generally speaking, the greater HR value is, the worse the blood compatibility of the material has. The value of HR must be ensured at less than 5 so that the material can be used for wide-ranging applications in biomedical field ([@bib0055]). The haemolysis ratio (HR) could be calculated from the following equation:

*HR*(%) = \[(*A~sample~*-*A~negative~*)/(*A~positive~*-*A~negative~*)\] x 100%

where A~sample~ is the absorbance of the PUs, A~positive~ and A~negative~ are the absorbance of positive and negative controls, respectively.

It was found that the HR value of all materials were below 5 from the analysis of [Table 2](#tbl0010){ref-type="table"}, indicating only little hemolysis were taken on the materials and the hemolysis rate less obviously decreased when the R-value increased. Maybe, this phenomenon can be attributed to the number of side chains of the polymer. Therefore, causing less damage of red blood cells, the HDI 1.5-PU and H~12~MDI 1.5-PU exhibited desirable blood compatibility.

3.7. Platelet adhesion {#sec0110}
----------------------

The microphotographs came from the observation of SEM of polyurethane membranes with different R-values after 60 min of blood contact. The observation clearly showed lots of platelets adhered to the polyurethane film with the R-value of 1.3 and some of them were gathered together while the number of platelet adhesion on surface obviously declined with the R-value increased. And the pictures of [Fig. 6](#fig0030){ref-type="fig"}(c, f) illustrated clearly that there was very little adhesion on the surface. This result was also in accordance with the results of the hemolytic tests inducing the higher R-value could slightly reduce the number of adhered platelets on the surface of films which was benefit for potential use as biomaterial devices with favorable blood compatibility. It's obviously that the wettability of materials has great relationship with the adhesion of platelet in the blood. Generally speaking, when the contact angle gets smaller, it benefits from the adhesion procedure that will result in higher probability to blockages in blood vessels to make medical operation more difficult to carry out. What's more, some enlightenment should be gained to improve blood compatibility of organisms in the future by modifications. Based on these considerations, we'll concentrate on doing some researches to enhance the hydrophilicity and improve the biocompatibility expecting little release of the mechanical properties.

4. Conclusions {#sec0115}
==============

In this article, a series of different polyurethane membranes were successfully synthesized using HDI or H~12~MDI, BDO and PCDL via a two-step solution polymerization. The structure of the polymers was proved by the analysis of FT-IR spectra. The wettability and mechanical properties of them were also investigated, displaying a certain capacity for the short-term biomedical application. The physical properties of our prepared polymers were even better in flexibility and elongation at break after the comparison with a commercial biomedical polyurethane. The results of the hemolytic tests and platelet adhesion experiments indicated the materials were of great potential for use as biomaterials with good blood compatibility. Our ongoing work have demonstrated that H~12~MDI 1.5-PU has great potential in biomedical field. In order to get better applications as a candidate for elastic biomedical material, some modifications are still should be made to improve their biocompatibility.
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![Visual performance of the water droplet contact angles and work of adhesion on the different surfaces of membranes: (a) HDI 1.3-PU, (b) HDI 1.4-PU, (c) HDI1.5-PU, (d) H~12~MDI 1.3-PU, (e) H~12~MDI 1.4-PU and (f) H~12~MDI 1.5-PU.](gr3){#fig0015}

![The DSC thermograms of polyurethanes based on H~12~MDI or HDI/PCDL.](gr4){#fig0020}

![Stress-strain curves of polyurethane films and Comparison of mechanics properties tests between polyurethane membranes and Pellethane 2363-80A.](gr5){#fig0025}

![SEM microphotographs depicting the morphologies of platelet rich plasma contacted surfaces: (a) HDI 1.3-PU, (b) HDI 1.4-PU, (c) HDI 1.5-PU, (d) H~12~MDI 1.3-PU, (e) H~12~MDI 1.4-PU and (f) H~12~MDI 1.5-PU.](gr6){#fig0030}

###### 

Composition of different step of the reaction and molecular weight distribution of the polyurethanes.

Table 1

                    Molar ratio (in the first step)   Molar ratio (in the second step)                 
  ----------------- --------------------------------- ---------------------------------- ------ ------ ------
  HDI 1.3-PU        1.300: 1                          2.434: 2.556                       0.56   0.78   1.39
  HDI 1.4-PU        1.400: 1                          2.334: 2.556                       0.66   0.89   1.34
  HDI 1.5-PU        1.500: 1                          2.234: 2.556                       0.92   1.14   1.23
  H~12~MDI 1.3-PU   1.303: 1                          1.420: 1.593                       0.75   1.13   1.51
  H~12~MDI 1.4-PU   1.402: 1                          1.321: 1.593                       1.24   1.81   1.46
  H~12~MDI 1.5-PU   1.501: 1                          1.221: 1.593                       1.93   2.78   1.44

HDI/H~12~MDI-PCDL polyurethanes are denoted as HDI/H~12~MDI x-PU, where x is the molar ratio of NCO/OH in the first step of the reaction.

Polydiol refers to PCDL.

###### 

Hematolysis ratio of membranes.

Table 2

  Samples           Average optical density   Negative   Positive   Hemolysis ratio (100%)
  ----------------- ------------------------- ---------- ---------- ------------------------
  HDI 1.3-PU        0.4319                    0.0401     0.3722     1.3004
  HDI 1.4-PU        0.4079                    0.0401     0.3722     1.1076
  HDI 1.5-PU        0.3140                    0.0401     0.3722     0.8250
  H~12~MDI 1.3-PU   0.4064                    0.0401     0.3722     1.1031
  H~12M~DI 1.4-PU   0.3341                    0.0401     0.3722     0.8854
  H~12~MDI 1.5-PU   0.3049                    0.0401     0.3722     0.7973
